Introduction
The Fermilab Neutron Therapy Facility (NTF) produces neutrons by bombarding a 2.21-cm-thick beryllium target with 66-MeV protons. The protons lose 49 MeV in the beryllium target and are stopped by a 0.5-mm gold backing [1] . A set of collimators are used to produce different field sizes. The neutron flux is monitored by dual parallel-plate ionization chambers during experiments and therapy. The ionization chambers are calibrated so that one monitor unit (MU) produces a dose of one gray at 10-cm deep in tissue for a 10x10 cm 2 standard treatment field. Cupps et al. [2] measured the spectral neutron fluence rate of the Fermilab NTF using gold and indium foil activation in 1996. Ross et al. [3] calculated the neutron spectrum using the LAHET and HMCNP codes in 1997. The shapes of the calculated and measured neutron spectrum from those works were in reasonably agreement. Ross et al. also calculated the neutron spectrum of the neutron therapy facility at the National Accelerator Center (NAC) in South Africa and this calculation agreed well with the time-of-flight measurements of that beam by Jones et al. [4] So the shape of the Fermilab NTF neutron spectra measured by Cupps et al. and calculated by Ross et al. should be reasonably reliable.
Sweezy [5] modeled the Fermilab NTF neutron beam using MCNPX and the LA-150 neutron cross-section library. [6] He tracked 6.0x10 9 source protons which yielded 9.0x10 6 neutrons incident on the face of the collimator. This neutron source was written to a surface source file for subsequent neutron transport calculations in Sweezy's work. Comparison of Sweezy's depth-dose measurements and calculations indicated that MCNPX underestimated the fast neutron and gamma dose by about a factor of 3.
[5] The current measurement of the neutron spectrum was undertaken to ensure validate a neutron source term for use in future depth-dose modeling efforts to support of the design of a neutron capture augmented fast neutron therapy beam.
Methods

Activation Foils and Activation Products
Aluminum and copper foils were chosen to be the activation detectors because they have evaluated neutron cross section data up to 150 MeV in the MCNPX library and their activation products have appropriate half-lives and gamma ray emissions for counting. Polymethylmethachrylate (PMMA) slabs of various thicknesses were placed in front of the copper and aluminum foils to provide additional energy information. The foils were attached to the center of the downstream wall of a moderator box which has dimensions of 30cm x 30cm x 15cm. The thickness of the box walls is 0.6 cm. Up to 12 PMMA slabs of various thicknesses can be inserted into the box, allowing moderator thicknesses to be varied from 1.2 cm (empty) to 14.5 cm (all slabs inserted). Cu. The decay data (half-life, gamma-ray energy and emission probability) of these activation products are shown in Table 1 . Cu activities at the end of each irradiation. The proton current was monitored during the irradiation and its observed fluctuation was at most 2%. So the neutron beam intensity was assumed to be constant during the irradiation and therefore, the production rates of the activation products are also assumed to be constant. The production rates were obtained by (2) where C ij is the net peak counts of energy E i of radionuclide j, P ij is its gamma-ray emission probability, ε i is the detection efficiency, T R is the real counting time, T L is the live counting time and T D is the decay time (from the end of irradiation to the start of the counting).
HPGe Detector Calibration
The HPGe detector is calibrated using a NIST-traceable mixed gamma-ray point source. The activation foils must be counted on the surface of the detector after irradiation in the beam because of their low activities. So the gamma-ray efficiencies for this geometry must be determined. Due to the cascading emission of two the two gamma rays from 
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summing effects were unavoidable in the counting of the calibration standard. The high energy portion (above 889 keV) of the efficiency function for the small source-to-detector distance geometry needs to be corrected for the summing effect. The MCNP code was used in the calculation to perform this correction [9] . The conversion factors for a point source to a disc source and the correction coefficients of self-absorption of the foils were measured and taken into account in the efficiency curves. The uncertainty in the detector efficiency is approximately 3.4%.
Neutron Spectrum Unfolding
The foil activation data were unfolded to obtain a neutron spectrum using the MXD_FC33 code [10] . In principle, the solution of equation (3) is the energy-dependent neutron fluence rate.
In these equations,
is the production rate of the radionuclide j for moderator thickness k in unit of Bq/s/g, l φ is the neutron fluence rate of energy group l in unit of 1/cm 2 /s, R lj (k) is the response matrix for production of the activation product j for moderator thickness k over energy group l (Bq/g per n/cm 2 ) and Ω is a parameter set by the user (typically, Ω is set to the number of detectors).
There are fewer equations than unknowns in equation (3) and no unique solution can be obtained. Therefore, an initial spectrum is provided to the MXD_FC33 code to start the unfolding process. The MCNPX-calculated neutron spectrum was used as the initial spectrum to constrain the unfolding.
Calculation of the Response Matrices
The responses for the production of 
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were used to tally the responses of neutrons for different incident energy bins in one MCNPX run.
Experiments
Pure (99.99%) aluminum foils of diameter 1.693 cm and 0.1 cm thickness and pure copper foils of the same diameter and 0.05 cm thickness were placed at the center on the downstream face of the moderator. The copper foil was placed in front of the aluminum foil. The front face of the moderator was at the treatment beam isocenter (190 cm from the beryllium target). The setup is the same as described in the MCNPX simulations. For each irradiation, 1 MU or 2 MU of beam was delivered, resulting in irradiation times of 3.4 or 6.8 minutes.
The foils were taken immediately after irradiation to an HPGe detector for counting. The aluminum foil was counted first for less than 5 min to determine the activity of short-lived 28 Al and then the copper foil was counted for 5 to 10 mins. A relatively long counting of the aluminum foil was performed to determine the 27 Mg and 24 Na activities. 
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Results
The activity production rates for foils behind various moderation thicknesses are shown in Table 2 . Because of the short irradiation time, saturated activities of the activation products were not attained. So the activity production rates were calculated using equations (1) and (2).
The shape of the unfolded neutron spectrum is affected by the starting spectrum. Two starting spectra, the MCNPX-calculated NTF neutron spectrum and the spectrum measured by Cupps et al. were used as the starting spectra for unfolding. The unfolded spectra and the MCNPX spectrum are shown in Fig. 6 . A comparison between this work and Cupps et al. is shown in Fig. 7 .
The resulting unfolded total neutron fluence rate at 190 cm isocenter for a 10x10cm [5] used an isotropic proton disc source instead of a parallel beam, causing half of the protons to miss the Be target. Therefore, the previously observed factor of three between the calculated and measured depth-dose distributions is mostly attributed to a modeling error. 
Discussion
Uncertainties in the measurement of the activities of the activation products ranged from 1 to 20% due to counting statistics coupled with the uncertainty of the detector efficiency (3.4%). The production rates also suffer from the 2% fluctuation of the proton current and the uncertainty in the determination of the proton current. All in all the uncertainty in the unfolded neutron fluence rate is approximately 15%.
The advantages of selecting aluminum and copper foils as the activation detectors are that the short half-lives of the activation products require short irradiation times and that the resulting radionuclides have appropriate gamma-ray energies for counting coupled with reasonable emission probabilities. These properties make it easy to determine their activities.
From the response functions shown in Fig. 1 to 5, one can see that different moderating thicknesses for the threshold activation foils do not lead to distinctive differences in the shape of the response function response, i.e. the peaks of the response functions do not shift significantly with moderator thickness. Replacement of the PMMA slabs with high-Z material, such as lead or tungsten, should result in more energy-dependent structure in the responses. 
